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The reproductive development of alligators from a contaminated and a control Lake in (2) (3) (4) (5) . The American alligator (Alligator mississippiensis) was listed as an endangered species in the early 1970s, but populations throughout the southeastern United States grew rapidly after federal protection was instituted (6) (7) (8) . Woodward and Moore (8) have reported that populations in Florida are stable or continue to grow in some wetland areas. However, one study population, that on Lake Apopka (Lake and Orange Counties, Florida), showed a dramatic decline during the 1980s that continues to the present (Fig. 1) . Population density on Lake Apopka today continues at one-tenth of that reported in the late 1970s (9, 10) . Lake Apopka is the third largest freshwater lake (12,500 ha) in the state of Florida and has been designated as one of Florida's most polluted lakes owing to nutrient and pesticide levels (11, 12) . Historically, contaminants and nutrients in the lake have been derived from extensive agricultural activities around the lake that continue today, a sewage treatment facility associated with the city of Winter Garden, Florida, and a major pesticide spill from the former Tower Chemical Company. The Tower Chemical Company, adjacent to Lake Apopka, is registered as an EPA Superfund site due to an extensive spill of a pesticide mixture composed primarily of dicofol but having as much as 15% DDT and its metabolites DDD, DDE, and chloro-DDT) (13) and sulfuric acid in 1980 (U.S. EPA, unpublished report). Studies indicate that dicofol as well as DDT and its metabolites have the ability to act as estrogens, binding to and activating estrogen receptors (14) and inducing estrogendependent cellular growth (15) . Jennings et al. (9) proposed that the major cause of the population crash on Lake Apopka was reproductive failure. Xenobiotic compounds with estrogenic activity could significantly modify both embryonic development and adult reproductive function. A previous study has identified elevated levels of the contaminant pp'-DDE in alligator eggs from Lake Apopka (collected during 1984-1985 ) when compared to eggs from two other lakes (16) , but this study could not directly correlate elevated organochlorine compounds with poor egg viability. The levels observed (5.8 ppm wet weight) are above the concentrations known to adversely influence avian eggs and embryos (17 (10) . altered adult sexual behavior. There are also reports of poor growth, wasting, and lower rates of neonatal activity (18) . Recent studies reporting significantly depressed viability rates for alligator eggs from Lake Apopka (10, 21, 22) suggest that a contaminant problem exists on this lake.
The current studies have examined several specific aspects of the biology of alligator eggs and neonates from Lake Apopka as well as from a control area, Lake Woodruff National Wildlife Refuge. We examined viability of eggs from Lake Apopka as well as gonadal development (anatomy and endocrine function) of neonates from both lake systems. We hypothesized that even if viability is depressed for eggs from Lake Apopka, healthy young exhibiting normal growth and reproductive development could be produced. Population studies have shown that due to the long (20 year) reproductive life of female alligators (2, 23) and high adult female survival, relatively few young need be recruited each year to maintain a viable, stable population (24) . Why then does the density of juvenile alligators on Lake Apopka remain low? Can we expect a population increase in the next few years, once juveniles currently growing on Lake Apopka reach sexual maturity? Or could there be subtle damage of the reproductive system that would preclude these young alligators from subsequently producing viable offspring? Recent studies suggest that exposure to low concentrations of estrogenic xenobiotic compounds during embryonic development can permanently alter the morphology and physiology of the mammalian reproductive system (14, 19, 20, 25 (2) . Woodward et al. (27) found that careful handling and transport of alligator eggs avoided such mortality. At the incubator, all intact eggs were transilluminated (candled) to check for viability and egg-band development (27) .
The incubator housing clutches was an insulated 7 All animals were killed after the second blood sample was obtained. Both gonads were removed intact, and the left gonad was fixed in Bouin's fixative for standard histological examination (the right gonad was cultured, and data from this study will be presented elsewhere). After fixation, intact gonads were dehydrated, embedded in paraffin, and serially sectioned at 7 pm thickness. We stained mounted sections with either alcian blue counterstained with hematoxylin and eosin or the trichrome stain of Harris. General morphology of the gonad was examined and used to determine sex of the animal. We compared gonadal sex to that assigned using external morphological features, principally the presence of a penis in males. Abnormalities in gonadal morphology were described after examining the histological preparations. Every third slide was examined throughout the set of serial sections. Radioimmunoassays We analyzed plasma samples from neonatal alligators for estradiol and testosterone using radioimmunoassay (RIA) procedures. For estradiol determination, samples (100 pl) were extracted with 5 ml diethyl ether before RIA analysis. Each sample was analyzed in duplicate and corrected for an extraction efficiency of 92 ± 2.4 %. Table 2 . Mean (± SE) plasma concentrations (pg/ml) of estradiol-170 (E2) and testosterone (T) in alligators 6 months of age before or after leutinizing hormone (LH) Apopka in 1992 was not incubated because all eggs were dead upon collection from the nest). However, this mean misrepresents actual viability of many clutches from Lake Apopka, as we observed that these clutches either produced many offspring or no offspring. Of the 24 clutches of eggs incubated, 8 clutches produced no viable offspring, whereas 5 clutches exhibited viability rates of 75% or greater. Neonatal survival was reduced for young from Lake Apopka with 41% mortality within 10 days after hatching, whereas mortality for neonates from Lake Woodruff was less than 1%. There was no significant difference, however, in the length or weight of neonates at hatching when the two lakes were compared (Table 1) .
During the 6 months young alligators were raised in captivity, 9 of the original 25 neonates from Lake Apopka died, whereas 2 of the 25 Table 2 ). Males from Lake Apopka had a mean plasma T concentration that was not significantly different from that of females from either lake ( Table 2 ). The E2 and T data can be expressed as a ratio that represents the steroid milieu circulating in the animal. Male and female juvenile alligators (sex determined by gonadal histology) from Lake Woodruff have unstimulated, normal plasma E/T ratios, whereas the females and males from Lake Apopka have significantly elevated plasma E/T ratios (F = 4.46; df= 1, 34; p = 0.042; Fig. 2) .
After gonadal stimulation with two injections of LH, a similar relationship was observed in circulating hormone concentrations ( Table 2 ) and E/T ratios, with Lake Woodruff alligators having ratios of 2.05 for males and 14.1 for females, whereas males from Lake Apopka exhibit a ratio of 8.3 and females a ratio of 20.9 . It is important to note that the E/T ratio in both Apopka and Woodruff males increased between nonstimulated and stimulated, indicating that the testes responded by synthesizing larger quantities of E2 than T. However, the responsiveness of the males from Lake Apopka (3.3 times increase in E2 synthesis) was greater than that observed from Lake Woodruff males (1.5 times) and from females of either lake (Lake Apopka females = 1.4 times; Lake Woodruff females = 1.1 times). These data indicate that all animals were sensitive to LH stimulation, but males from Lake Apopka were more responsive to LH stimulation and responded by making large amounts of E2. Even though females from Lake Apopka exhibited the poorest response to LH stimulation, they exhibited the highest unstimulated and stimulated plasma concentrations of E2 (Table 2) .
Histological examination of the gonad confirmed the sex of all animals assigned by external morphological features, except four animals from Lake Apopka. In two cases, animals identified as females, owing to the lack of a penis, were subsequently observed to have testes based on histological structure. Additionally, two animals were identified as males, owing to the presence of a penislike structure (enlarged clitoral development?) but had histologically identifiable ovarian tissue.
Histological examination of the ovaries and testes obtained from Lake Woodruff animals revealed normal structures consistent with the age of the animals examined. Females had ovaries characterized by a surface epithelium composed of squamous cells overlying an ovarian cortex with many primary follicles (Fig. 3) . The ovarian follicles at this stage consisted of a single or double layer of granulosa cells surrounding a single oocyte with a distinct nucleus. The nucleus of some of the larger follicles was almost completely surrounded by a crescent of granular material (Fig. 3B ) previously identified as a Balbiani body (28) . The presence of the Balbiani body was not ubiquitous among the follicles. Lying below the cortex was a region of loose connective tissue and internal ovarian epithelium which surrounded a series of lacunae (Fig. 3) . Some of the lacunae contained eosinophilic secretary material of unknown composition or source. Lacunae are a normal morphological feature of the crocodilian ovary and represent an organized medullary region of the ovary. Although the general ovarian histology observed in the females from Lake Apopka was similar to that described above for animals from Lake Woodruff (Fig. 3) , significant cytological differences were noted (Fig. 4) . The most notable distinction was the presence of large numbers of polyovular follicles and polynuclear oocytes (Fig. 4B ,C,D) in ovaries from Lake Apopka females, which were never seen in ovarian tissue obtained from Lake Woodruff females. It was common to find as many as three to four oocytes per follicle and two or three nuclei per oocyte. Every ovary obtained from a Lake Apopka female exhibited this condition, whereas we saw no polyovular follicles or polynuclear oocytes in ovaries from Lake Woodruff females.
The testes from Lake Woodruff males were histologically characterized by the presence of well-formed seminiferous tubules lined with germ cells at early stages of development, and Sertoli cells (Fig. 5A) . Mitotic activity was noted in many of the germ cells. The testes from Lake Apopka males had poorly organized seminiferous tubules (Fig. 5B,C) , many of which were lined by a cuboidal epithelium not observed in testes of males from Lake Woodruff. Additionally, within the seminiferous tubules of Apopka males, there were cells with bar-shaped nuclei unlike anything observed in the testes obtained 'from Lake Woodruff males (Fig. 5B) . The significance of these structures is unknown; to our knowledge, they have not been reported previously in reptilian testicular tissue. They may represent aberrant or premature meiotic elements.
Discussion
Alligator eggs and neonates from Lake Apopka differ significantly from those obtained from Lake Woodruff. First, embryos and neonates within the first 10 days of life from Lake Apopka exhibit high mortality rates. Although the neonates from Lake Apopka show no difference in growth during the first 6 (29) . However, at the present time there is no conclusive data to support or reject this possibility. Second, females from Lake Apopka could have genetic abnormalities that contribute to the production of abnormal eggs or embryos with genetic defects. Third, the nesting environment (material composition of nests) could induce embryonic mortality. Fourth, shifts in the age structure of the breeding population, (e.g., many young and/or old females) can depress egg viability, as can density-related stress of the adult population (4). Finally, direct effects of xenobiotic factors can contribute to the production of abnormal eggs, embryonic mortality, and neonatal death (18) .
Studies examining the developmental genetics of reptiles are consistent with the hypothesis that abnormalities could cause death, but no information is available concerning the genetics of adult, juvenile, and embryonic alligators from any of the lakes we have studied to date in Florida. Many studies have suggested a possible correlation between allozyme genotype and differential survival to environmental contaminants or toxins in natural and/or experimental populations of aquatic organisms (30) . These observations suggest that the population genetics of the alligators from Lake Apopka may vary from those of nonor less-contaminated lakes, but again no data are available to test this assumption. Moreover, no studies are available linking environmental contaminants directly or indirectly to genetic abnormalities in reptiles that would contribute to embryonic mortality.
A previous study (22) examined the nesting environment on seven lakes in Florida and noted no major differences in embryonic viability when nest materials were compared with embryonic viability. Lake Apopka has many nests composed of Sagittaria, a type of nest vegetation associated with lower nest heights and more shallow cavity depths. However, no relationship was noted between viability and Environmental Health Perspectives any nest parameter measured (22) . The study by Woodward et al. (10) concluded that neither stress induced by elevated population density nor age structure of the breeding population at Lake Apopka appears to contribute significantly to the poor egg viability observed. They suggested that the strong association between the 1980 Tower Chemical Co. spill and the subsequent rapid decline in the juvenile population and egg viability could provide the best clue to the reproductive failure reported for Lake Apopka. These observations, combined with studies showing elevated levels of the contaminant pp'-DDE in alligator eggs (collected during [1984] [1985] from Lake Apopka (16) , suggest that contaminants are a major contributor to low egg viability. We suggest that xenobiotic compounds modify gonadal development and function in alligator neonates and are also responsible for reduced embryonic viability. Almost nothing is known concerning the effects of xenobiotic agents on reptiles. The few studies available suggest that 1) reptiles exhibit a sensitivity to contaminants similar to that reported for birds and mammals (31), 2) reptiles bioaccumulate and biomagnify contaminants to levels equal to or greater than that reported for birds and mammals (32) (33) (34) , and 3) reptiles exhibit a higher incidence of embryonic mortality and deformity with elevated concentrations of various contaminants (35) . The suite of reproductive disorders reported to date in vertebrates exposed to xenobiotic compounds include reduced fertility, reduced hatchability, reduced viability of offspring, impaired hormone activity, structural abnormalities of the reproductive tract and/or altered adult sexual behavior (18, 36) . Our study provides evidence of reduced hatchability, reduced viability of offspring, and endocrine demasculinization of males or superfeminization of female alligators.
Many reptilian species exhibit unique facets of sexual determination. Many crocodilian (including alligators) and turtle species exhibit environmentally determined sex. Genetic factors associated with sex determination in reptiles, and thus gonadal development, are poorly understood but the role of temperature and sex steroids has been examined (37) (38) (39) . In alligators, the temperature of incubation at specific critical periods of embryonic development triggers the determination of sex (37) . Incubation temperature induces an all-or-none response, so that embryos are males or females and there are few intersexes (40) .
Alligators and several turtle species can exhibit sex reversal (male to female) if developing embryos are exposed to an estrogenic compound during a specific period of time, usually the second third of the embryonic developmental period. Specifically, estrogen treatment of alligator (41) and turtle (42) (43) (44) eggs incubated at male-producing temperatures can cause sex reversal and the production of apparently normal females. Crews et al. (44) found that estradiol benzoate (EB) or an estrogen agonist (R2858) were equally effective in inducing turtle embryos to develop as females when eggs were incubated at maleproducing temperatures. Further, they * -3 --I hi found that -some of the EB-treated turtle embryos exhibited hypertrophied oviducts (44) . As in turtles, alligator eggs incubated at a male-producing temperature and treated with 100 pg or 300 pg EB/egg induced sex reversal in 100% of the eggs so treated (41) E2 and T indicate that no turtle hatchling from Lake Apopka produces a normal androgen synthesis pattern (Gross and Guillette, unpublished data). Reptiles represent excellent models for determining the extent of estrogenic xenobiotic contamination in an ecosystem owing to the apparent lability of sex determination in response to the presence of estrogen or estrogenlike compounds.
Determination of sex reversal in all the laboratory studies on turtles and alligators reported above is based on histological observation of the gonad and reproductive tracts, but no reports are available on the steroidogenic capabilities of these sexreversed individuals at hatching or at later stages in life. Our observations that gonadal morphology and plasma hormone concentrations in male and female alligators are both modified provide further support for the hypothesis that the depressed population on Lake Apopka is contaminant induced. Circulating sex steroid concentrations in both male and female alligators from Lake Apopka are significantly different when compared to those of a control population from Lake Woodruff. As in other vertebrates, the reptilian gonad synthesizes sex steroids in a sexually dimorphic pattern. Adult males are characterized by elevated androgens, primarily testosterone, whereas females exhibit elevated estradiol-17, during the follicular growth phase of the reproductive cycle (45) . As with mammals and birds, steroids appear essential for normal development of the reproductive tract in reptiles, including alligators (46, 47) , and a recent study has reported sexual dimorphism in circulating testosterone concentrations of juvenile green sea turtles (48) . A sexually dimorphic pattern in plasma or allantoic fluid sex steroid concentrations is obvious at birth in alligators (Gross and Guillette, unpublished data).
Male alligators, 6 months of age, hatched from eggs collected on Lake Apopka had significantly depressed plasma T concentrations when compared to males from the control population from Lake Woodruff. Previous studies have reported significantly depressed plasma androgen levels in various mammalian species after experimental exposure of adult males to various estrogenic xenobiotic contaminants or phytoestrogens (49) (50) (51) . However, these compounds are thought to have a greater direct impact on the developing reproductive system than on the adult system; thus, embryonic exposure may induce significant modifications in male anatomy and physiology (52) (53) (54) .
The mechanisms by which xenobiotic chemicals alter steroidogenesis are still under study, but those identified include: 1) reduced gonadotropin-releasing hormone (GnRH) synthesis from the hypothalamus, 2) reduced LH release from the pituitary, 3) reduced availability of the preEnvironmental Health Perspectives I *~~ji ** 9 .
cursor cholesterol, 4) modification of the enzymes required for steroidogenesis (e.g., aromatase, cytochrome P450SCd, and 5) modifications of the cellular receptor numbers and function (51) . Peterson et al. (20) reported a decrease in plasma testosterone concentration in rats exposed in utero to small concentrations (0.064 mg/kg) of dioxin. They also reported a 95% reduction in plasma concentrations of LH, the hormone responsible for stimulating testicular steroidogenesis. Similarly, male rodents exposed neonatally to diethylstilbestrol (DES) or op'-DDT exhibit significantly reduced plasma LH concentrations in response to a GnRH challenge (55) . As expected, the effective dose varies with the compound used; in the case of the phytoestrogen genistein, some doses can increase LH release, whereas other doses depress plasma LH concentrations (56) . One mechanism by which the xenobiotic dioxin modifies plasma androgen concentrations in adult male rodents is to inhibit testicular cholesterol mobilization while leaving unaltered cellular concentrations of cytochrome P450SCC, responsible for the conversion of cholesterol to pregnenolone, the initial step in gonadal steroidogenesis (51) . Interestingly, this effect is organ specific, as adrenal steroidogenesis is apparently altered after dioxin exposure by reduction of this cytochrome (57, 58) . These studies in adult rodents provide clues to possible loci affected by in utero exposure, but mechanisms by which steroidogenesis is altered after embryonic or neonatal exposure to estrogenic xenobiotics are still under study. Further studies must examine gonadal steroidogenesis in other wildlife, as our data suggest that a modification of gonadal androgen and estrogen synthesis has occurred. In additionto the differences in viability and plasma sex steroid concentrations, we noted significant modifications in gonadal morphology. Both polyovular ovarian follicles and polynuclear oocytes were observed. Polyovular follicles do appear spontaneously in vertebrates and have been reported in a variety of mammals (25) . Treatment of female rodents, either pre-or postnatally, with DES increases both the frequency of polyovular follicles and the number of females exhibiting this condition (25) . Polyovular follicles stimulated with gonadotropin ovulated and were capable of fertilization, although the number of eggs fertilized was significantly lower than for uniovular follicles (59, 60) . Further, fertilized ova from DES-induced polyovular follicles will develop into blastulae and continue to develop to implantation-stage embryos, but the frequency of embryos reaching this stage is significantly reduced compared to embryos derived from uniovular follicles (61) . In species exposed to xenobiotic estrogens, reduced viability of fertilized eggs, owing to their release from polyovular follicles as reported above, can contribute to the low hatching rates reported for various wildlife species. In fact, Masson (22) reported that most embryonic mortality occurred in alligator eggs before oviposition, i.e., during the blastula to late gastrula stages of embryonic development.
In conclusion, our data support the hypothesis that contamination of a wildlife population with an estrogenic xenobiotic has the potential to significantly alter embryonic sexual development and thereby significantly depress subsequent reproductive success. These compounds can work at various biological levels, from outright mortality of eggs and adults to more subtle effects such as modification of the steroidogenic capacity of the gonad. These studies have only begun to address what we believe could be a serious, widespread threat to wildlife populations. Our observations also stress the need for more complete examination of the reproductive functioning and health of other species, including humans, living adjacent to Lake Apopka. Future studies of natural populations exposed to xenobiotic estrogens must include an approach that goes from gene to ecosystem, so that the mechanisms by which these xenobiotics influence an individual can be addressed as well as determine the consequences to a population.
